The effects of monovalent, divalent, and trivalent cations on the binding of tetrodotoxin and saxitoxin to intact nerves and to a preparation of solubilized nerve membranes have been examined. All eight divalent and trivalent cations tested, and the monovalent ions LiW, Tl+, and H+ appear to compete reversibly with the toxins for their binding site. The ability of lithium to reduce toxin binding is paralleled by its ability to reduce tetrodotoxin-sensitive ion fluxes through the nerve membrane. We conclude that the toxins act at a metal cation binding site in the sodium channel and suggest that this site is the principal coordination site for cations (normally Na+ ions) as they pass through the membrane during an action potential. The dissociation constant for Li+ is 0.1-0.2 M and for Na+ > 0.6 M, reflecting the weak binding necessary for rapid passage of sodium ions through the channel.
LiW, Tl+, and H+ appear to compete reversibly with the toxins for their binding site. The ability of lithium to reduce toxin binding is paralleled by its ability to reduce tetrodotoxin-sensitive ion fluxes through the nerve membrane. We conclude that the toxins act at a metal cation binding site in the sodium channel and suggest that this site is the principal coordination site for cations (normally Na+ ions) as they pass through the membrane during an action potential. The dissociation constant for Li+ is 0.1-0.2 M and for Na+ > 0.6 M, reflecting the weak binding necessary for rapid passage of sodium ions through the channel.
Tetrodotoxin (TTX) specifically blocks the early inward sodium current that underlies the excitability of nerve and muscle plasma membranes (1) . Since the determination of its structure in 1964 (2) , its relatively small size (molecular weight 319), single positively charged guanidinium group, and numerous hydroxyl groups have provoked much speculation about how the toxin acts.
Recent studies have shown that tritium-labeled tetrodotoxin (3, 4, 6) and saxitoxin (STX) (5), a compound with some similar structural features and identical physiological action (1), can be used both to estimate the number of binding sites present in nerve and to characterize the properties of the toxin binding sites. The equilibrium dissociation constants and the kinetic rate constants for the toxin-receptor interaction so obtained (3-7) agree well with those measured electrophysiologically (8) (9) (10) (11) . The labeled toxins thus promise to be powerful tools in the purification of the receptor, which must form at least part of the sodium channel (4, 7) .
Here, we report evidence that TTX and STX act at a specific metal cation coordination site. All the divalent and trivalent cations tested, and the three monovalent cations, Li+, Tl+, and H+ reversibly block the binding of TTX and STX. These experiments suggest how the toxins exert their action, and provide a unifying explanation of how several cations affect nerve membrane permeability.
MATERIALS AND METHODS
Tritium-labeled TTX and STX were prepared and purified (3, 5) . Olfactory nerves from garfish, obtained from the Gulf Specimen Co., Florida, were dissected by the method of Easton (12) . A detergent-solubilized extract of the nerves was prepared by the method of Henderson and Wang (4) . Binding experiments were also carried out on intact garfish olfactory nerves and rabbit vagus nerves (3, 5) . Where possible, means ± standard errors of the mean are given.
Binding Assays. Most of the experiments described below consisted of the measurement of tritium-labeled toxin bound at equilibrium to nerves in the presence of different cations. The method depended on whether intact nerve or the detergent-solubilized extract was being used; the intact nerve was soaked in a solution containing the toxin, and the radioactivity taken up by the nerve was determined after tissue solubilization (3), whereas the detergent extract was assayed for binding activity by a gel filtration equilibration technique (4). Corrections for nonsaturable uptake (determined largely from measurements at high toxin concentrations) and for toxin present in the extracellular volume (determined with ['4C]mannitol) were always applied in determining the inhibition of saturable binding in intact nerves. The experiments with intact nerves were limited by the fact that a 6-hr soak was required for full equilibration of the toxin with nerve (3) . The binding to the detergent extract, by contrast, took less than 5 min (4), but was limited to the pH range 6.5-8.5 by the lack of stability of the binding activity outside this range. In the detergent extract there is no detectable nonsaturable uptake at physiological ionic strength. Most (Fig. 1). rapid equilibration of the internal ionic composition of the nerve after the presumed initial shrinkage (see refs. 11 and 14 for a more complete description of the methods).
RESULTS
inhibition by Cations of Toxin Binding to Solubilized Mlembranes. Table 1 gives the results of toxin binding assays in the presence of eight different divalent and trivalent cations, the cation being added in the appropriate concentration to a solution containing 0.15 M NaCl, 10 mM Tris-HCl (pH 7.2). In all cases there was an inhibition of binding to the solubilized membranes that was reversible and comparable in degree to that in whole nerve. If we assume that the reduction in toxin binding is due to competitive inhibition, we can calculate an equilibrium dissociation constant for the cation binding. Since competitive inhibition is only the simplest of many possible mechanisms that might cause inhibition of toxin binding, the results of such calculations yield only an "apparent" dissociation constant (Kapp) for the cation. The agreement obtained between values from experiments at different cation concentrations (see ref. 5 and Table 1 ) seems to justify this procedure.
Except for Be2+, for which Kapp was less than 1 mM, all the divalent cations had apparent dissociation constants in the range 5-50 mM. The corresponding values for the trivalent ions were less than 1 mM. The inhibition was reversed on removal of the ions. It also greatly exceeded that due to the increased ionic strength alone; addition of 0.5 M choline chloride had only a minimal effect on toxin binding (Fig. 1) . The possible contribution of surface potential changes to the observed inhibition is considered below. Fig. 1 shows the results of TTX binding experiments with seven monovalent cations; similar experiments with STX gave similar results. With Tl+ and Li+ there was an appreciable inhibition of toxin binding that was clearly greater than the effects of any of the other monovalent cations; this inhibition was reversible. The inhibition can again be explained by a competitive inhibition with dissociation constants of about 10 mM for Tl+ (9.9 i 0.6 mM for the observations in Fig. 1 ) and 0.13 i 0.01 M (four determinations) for Li+. The inhibition by the other monovalent ions was smaller, and the differences between them were only slightly greater than the standard errors. However, the sequence Li+ > Na+ > K+ > Cs+, tetramethyl ammonium (TMA+), choline+ was clearly discerned. If the effect of Na + is due to a direct competitive binding, the dissociation constant would have to be 0.6 i 0.1 M (four determinations), if the combined data for Cs+, TMA+, and choline+ are taken to give the baseline below which the specific Na + inhibition is measured. The cause of the relatively small effect of Cs+, TMA+, and choline+ themselves on TTX binding is unknown, but the effect is clearly an order of magnitude smaller than the effects of the other cations discussed above.
Inhibition of Toxin Binding to Intact Nerve by Cations. Fig. 2 shows the dependence on pH of the binding of TTX to intact garfish nerve. The inhibition at low pH is reversed when the nerves are returned to pH 7. The curve, which is a. theoretical titration curve, indicates that the binding site has a pKa of about 5.5 , in reasonable agreement with a pKa of 5.9 obtained with STX on the rabbit vagus nerve (5 Table 2 shows the effect of monovalent, divalent, and trivalent cations on toxin binding to garfish olfactory and rabbit vagus nerves. In general, the results agree with those from soltubilized membranes (Table 1) ; the trivalent cation (La3+) shows a dissociation constant near 1 mM; the divalent cation.
(Ca2+) has an average Kca of about 30 mM. Inhibition of toxin binding by monovalent cations is consistent with the results in solubilized membranes except for two results. Replacement of Na+ by K+, which had relatively little effect in the solubilized preparation (Fig. 1) , halved the binding of STX to the intact rabbit nerve; and replacement of Na+ by Li+ at 120 mM, which reduced binding in the solubilized preparation, did not inhibit TTX binding to garfish nerve (although at 0.85 M total cation concentration the results with Li+ were more consistent with those from solubilized membranes).
Contributions from the Membrane Surface Potential. One explanation of the Inhibition by divalent and trivalent ions invokes changes of the surface potential at the nerve membrane. If fixed negative charges on the membrane exist near the toxin binding site, they will create an electric potential at the binding site, 4s, that differs from the bulk solution potential, taken as zero. The multivalent ions could alter the surface potential, and, hence, the amount of toxin bound; either by binding directly to the fixed charges or by screening the fixed charges by accumulating in the double layer adjacent to the membrane (15 [2] where ZT is the charge of the toxin molecule, [Toxlbulk is its bulk solution concentration, Ko the intrinsic equilibrium dis. sociation constant. F, R, and T have their usual meanings. Therefore, the apparent affinity of the site for STX (ZT = 2) should be affected more than that for TTX (ZT = 1) by factors that alter As (such as changing external [Ca2+]). Indeed, Table 3 shows that a given increase in [Ca2+] reduces the specific uptake, U, of STX much more than that of TTX. Table 3 was always greater than the variation calculated from the surface potential change only (obtained from Eq. [3] and Table 3 ).
The change in surface potential with calcium at the toxinbinding site in 0.12 M NaCl is significantly less than the 20-mV shift per 10-fold increase in [Ca2+] observed for the sodium permeability function under similar conditions (16, 17) ; increasing [Ca2+] more than 20-fold (from 3.5 to 88 mM) changed bs by less than 7 mV (Table 3) . Apparently, the toxin-binding site is not located at the same region of membrane enclosing the voltage sensor that modulates the sodium permeability.
Inhibition of 22Na Efflux by Lithium. Fig. 3 shows the effect of Li+ on the TTX-sensitive efflux of 22Na. Lithium progressively replaces sodium in the hypertonic (0.85 M cation) medium bathing intact garfish nerves. The efflux is half inhibited at Li+ concentration of about 0.3 M, and is reversed when the nerves are returned to a lithium-free solution. If KNa is taken to be 1.3 M (see Table 3 ), KLM can be calculated to be 0.12 M. A similar measurement of radioactive toxin binding to the solubilized membrane preparation, again replacing 0.5 M NaCl with LiCl (Fig. 3) , also shows a 50% reduction when 0.3-0.4 M Li+ replaces Na+. The six points in Fig. 3 The experiment on 22Na efflux suffers from a number of disadvantages, mainly due to the method used. For example, the effect of the veratrine on sodium channel conductance may be altered by lithium. Several authors (see ref. 18 ) have shown that nerves depolarized by veratrine are repolarized when sodium is replaced by lithium; these potential changes per se must affect the sodium fluxes. Nevertheless, we are unable to devise any other method of demonstrating the effect of lithium on fluxes through the sodium channels in these very small, nonmyelinated fibers. The effect observed, however, is an inhibition of 22Na efflux by lithium that roughly parallels the ability of lithium to displace the radioactive toxins from their binding site. At least in the range of lithium concentration below 0.3 M, the agreement is fairly good. A similar inhibition of sodium currents by lithium also occurs in intact nerve fibers untreated with drugs such as ouabain and veratrine. Hille (19) , working with frog nodes of Ranvier, and Cole (20) , with squid giant axons, have reported a 20-40% decrease of the peak transient currents through the sodium channels in experiments where the sodium in the normal Ringer's solution was completely replaced by lithium.
DISCUSSION
These results demonstrate certain properties of the site at which TTX and STX act. The site is able to bond at least eight divalent and trivalent cations, and the monovalent cations Li+, Tl+, and H+ (pKa, 5.5-5.9). All previously observed blockage of sodium currents by Ca2+ (21) , H+ (21) , Tl+ (19) , and Li+ (19, 20) show concentration dependences that are consistent with cation binding at this site. The dissociation constants we observe for the binding of these cations to the toxin site are within a factor of two of those required to explain the blockage phenomena in the electrophysiological experiments.
Since the two toxins are cations, the binding site may well be negatively charged, encompassing perhaps the same acidic group postulated by Hille (16) , so it might not seem remarkable that metal cation also bind. However, the charge at a site, and the ability of the latter to bind ions None of the calculated metal cation dissociation constants is very low; indeed, the binding of lithium and sodium is quite weak. But if the toxin-binding site is actually on the pathway normally followed by sodium ions as they traverse the membrane, a tight binding site for sodium would be contraindicated; any tight binding would not allow the very high flux rates that are observed, for the flux rate would then be limited by the speed at which the ion could dissociate from the site.
The existence of a negative charge in the sodium channel, with an apparent pKa of between 5 and 6, seems now well established (16, 21) . Hille (24) has provided a hypothetical description of the environs of this acidic group and the possibility that it might bind TTX and STX. Support for this model has until now rested on voltage-clamp experiments on frog nodes (16, 21, 25) . The present experiments provide direct evidence for this hypothesis. In the light of the considerations in the previous paragraphs, we suggest that the site of toxin binding is a single metal cation binding site that is the main coordination site for sodium ions as they pass through the membrane. We again emphasize the agreement between our observations of the effect of Ca2+ and H+ ions on toxin binding and those of Woodhull (21) (Fig. 3 and Table 2 ) agrees fairly well with the effect of lithium in reducing the toxin-sensitive ion fluxes. This implies that for lithium ions the toxin-binding site is the principal site of coordination as they pass through the membrane. By analogy, a similar situation must occur during sodium ion transit but with weaker binding, so that no saturation of the sites can be detected at nearly physiological ion concentrations. The dissociation constant for Na+ would have to be greater than or equal to 0.6 M.
Kao and Nishiyama (26) have suggested that both TTX and STX act by "plugging up" the sodium channels in the membrane, thus preventing the passage of ions. The guanidinium group-a structural feature of both the toxins-was envisaged as entering the mouth of the channel, as a sodium ion might, but staying there, unable to proceed further.
Further developing this idea, Hille (24) has suggested that the toxins mav act at a narrow, oxygen-lined part of the channel designed to account for the channel's ionic selectivity properties. The present work further elucidates the nature of the channel, revealing as one of its important components a cation-binding site that is probably involved in the passage of ions across the membrane and to which the toxins TTX and STX bind to exert their physiological action.
